In Rhizobium-legume symbiosis, the plant host controls and optimizes the nodulation process by autoregulation. Tn5 mutants of Rhizobium leguminosarum bv. phaseoli TAL 182, which are impaired at various stages of symbiotic development, were used to examine autoregulation in the common bean (Phaseolus vulgaris L.). Class I mutants were nonnodulating, class II mutants induced small, distinct swellings on the roots, and a class III mutant-formed pink, bacterium-cpntaining, but ineffective nodules. A purine mutant (Ade-) was nonnodulating, while a pyrimidine mutant (Ura-) formed small swellings on the roots. Amino acid mutants (Leu-, Phe-, and Cys-) formed mostly empty white nodules. Each of the mutants was used as a primary inoculant on one side of a split-root system to assess its ability to suppress secondary nodulation by the wild type on the other side. All mutants with defects in nodulation ability, regardless of the particular stage of blockage, failed to induce a suppression response from the host. Only the nodulation-competent, bacterium-containing, but ineffective class III mutant induced a suppression response similar to that induced by the wild type. Suppression was correlated with the ability of the microsymbiont to proliferate inside the nodules but not with the ability to initiate nodule formation or the ability to fix nitrogen. Thus, the presence of bacteria inside the nodules may be required for the induction of nodulation suppression in the common bean.
Rhizobia are soil bacteria that form nodules on the roots of legume plants. The development of the legume-Rhizobium symbiosis requires a precise interaction between host and microbe. Reciprocal control by the two partners allows the symbiotic process to occur in a regulated manner, leading to a mutually beneficial association in which the rhizobia fix nitrogen and the host generates photosynthate.
The plant exerts control by autoregulation, which involves the shoot-controlled inhibition of further nodulation in the presence of developing nodules (10) . The systemic nature of autoregulation has been demonstrated in split-root systems of alfalfa (5) , clover (24) , siratro (11) , and soybean (6, 19, 21) . In the common bean (Phaseolus vulgaris L.), the nodulation process is also subject to autoregulation (13) .
Suppression appears to be a response to some aspect of nodulation that is exerted during the early stages of the process. Soybean split-root studies have shown that suppression of nodulation on the side that received a delayed inoculation is not related to the emergence of visible nodules or to the onset of nitrogenase activity on the side inoculated at an earlier time (19) but is triggered much earlier in the symbiotic process.
Studies of nonnodulating soybean mutants (6) suggest that cortical cell division foci may be important in inducing the suppression response. The suppression response in alfalfa is exerted early, at the level of nodule initiation during the onset of cell division (7) . In contrast, this response in the soybean is exerted later, at the level of infection development during the maturation of nodule primordia into emergent nodules (9) . Microscopic studies by Calvert et al. (9) showed that prior nodulation in the soybean did not suppress the initiation of infection in younger regions of the root but instead suppressed the development of nodule meristems * Corresponding author. The ability to induce root hair deformations was examined by light microscopy. At the time of inoculation, the position of the root segment most susceptible to infection (from the zone of the smallest emergent root hairs to the root tip) was marked on the plastic pouch (2) . Three days after inoculation, wet mounts of these root segments were stained with 0.05% (wt/vol) toluidine blue for 10 min, destained in water for 30 min, and observed for root hair curling, bulging, or branching.
The presence of rhizobia in the nodules was judged by their recovery on selective medium. Four-week-old nodules or pseudonodules were surface sterilized by a 5-min immersion in 0.1% HgCl2 (wt/vol), followed by one rinse in sterile water, a 3-min immersion in 95% ethanol, and three rinses in by the acetylene reduction assay (15) , determined at 24°C by incubating excised roots in serum bottles with 10% (vol/vol) acetylene in air for 30 min. Gas samples were analyzed for ethylene with a Varian Aerograph 2700 gas chromatograph equipped with a Porapak-T column (80 to 100 mesh). Induction of nodulation suppression. The ability of the mutants to induce autoregulation in the common bean was evaluated in split-root systems. Each of the mutants was used as the primary inoculant on one side at zero time (early inoculation), and the wild type was used as the secondary inoculant on the opposite side after a 2-week delay (delayed inoculation). A delay period that would show maximal suppression was chosen in order to demonstrate a distinct suppression response in the host, and in the common bean, a 2-week delay in secondary inoculation was required to reach this stage (13) .
Each mutant was tested by using five replicates. The split-root systems were generated and maintained as described by George et al. (13) . Briefly, the root meristems of 2-day-old seedlings were cut off. Each seedling was placed in the paper trough of a plastic growth pouch which had been heat sealed in the middle to provide two chambers. Three days later, the roots were trimmed to two secondary roots of equal length on each side. All random, on the basis of the diversity of hybridization patterns ( Fig. 1 ) and auxotrophies ( (Fig. 1) . Mutants that were auxotrophic for a purine (adenine), a pyrimidine (uracil), and amino acids (leucine, phenylalanine, and cysteine) were isolated ( Table 2 ). The mutations were stable except in the case of the Cys-auxotrophs, which were not used further.
Besides the auxotrophs, six symbiotic mutants were identified among the 1,050 Tn5 mutants isolated in this study ( (Fig. 3) . All plants inoculated with the mutants were yellow after 4 weeks ( Table 2 ). The nonfixing phenotype of the class III mutant was confirmed by the lack of nitrogenase activity. All plants inoculated with the mutants had significantly lower shoot weights than those inoculated with the wild type (data not shown).
Nodulation suppression by mutants. An inability of all the nodulation-defective mutants to induce autoregulation in the host was observed (Fig. 4) . When the split root was inoculated with the wild type on one side at zero time and on the opposite side 2 weeks later, there was a significant inhibition of secondary nodulation, both in nodule number and in nodule weight, on the side that received the delayed inoculation. However, when a split root was inoculated with a nodulation-defective mutant on one side at zero time and with the wild type on the opposite side 2 weeks later, there was no inhibition of secondary nodulation. In this case, nodulation by the delayed inoculum was comparable to its potential in the absence of prior nodulation. This lack of suppression was observed regardless of the particular stage of blockage in the nodulation process. All mutants that were defective in their ability to nodulate, whether as a direct result of the mutation itself or as an indirect result of a metabolic defect (Table 2) , failed to induce a suppression response from the host (Fig. 4) . In contrast, the nodulationcompetent class III mutant induced a suppression response similar to that induced by the wild type (Fig. 4) .
DISCUSSION
The extent of nodulation by infecting rhizobia is restricted by the process of autoregulation, a systemic plant response that prevents excessive nodule formation (22) . It is postulated (23) that autoregulation occurs as a shoot-controlled general plant reaction triggered by the development of infection centers, resulting in the suppression of further cell division activity in root tissue. The suppression mechanism may involve the preferential allocation of photosynthate to early developing nodules (14) . The results of Hacin et al. (14) suggest that developing nodules act as strong sinks for photosynthate and that suppression occurs when late infections are deprived of available photosynthate.
As in other legumes, autoregulation is also observed in the common bean. However, in contrast to other legumes, the process in the common bean occurs slowly, requiring a 14-day delay in secondary inoculation for maximum suppression to occur in split roots (13) . The slow suppression response may be reflected in the nodulation characteristics of the common bean, which forms numerous nodules that are scattered on the lateral roots throughout the root system.
In this study, TnS-induced mutants of R. leguminosarum bv. phaseoli that are blocked at specific stages of symbiotic development (Table 2) were used to examine autoregulation in the common bean. Split-root studies, using a 14-day delay in secondary inoculation, were designed to permit observation of maximal suppression. Because the primary inoculants (mutants) can develop only to a certain stage in the symbiosis, a standard 14-day delay in secondary inoculation allowed the correlation of a certain symbiotic stage with the suppression response and also allowed the demonstration of statistically significant differences between treatments.
In the common bean, the induction of nodulation suppression was correlated with the ability of the microsymbiont to enter and persist inside the nodules but not with the ability to initiate nodule formation or the ability to fix nitrogen. The nonnodulating class I and Ade-mutants failed to trigger a suppression response (Table 2 and Fig. 4) , indicating that the induction of suppression does not occur at the root-haircurling stage. Similar results were seen with other legumes. Inoculation of one side of a clover split root with a nonnodulating Sym plasmid-cured or nodD mutant of Rhizobium trifolii did not inhibit nodulation of the wild type when the opposite side was inoculated 4 days later (24) . Suppression was also not induced by nonnodulating mutants of Rhizobiium meliloti in alfalfa but was induced by mutants that are capable of infection thread formation (5) .
The ability to initiate cortical cell divisions seems insufficient to induce nodulation suppression in the common bean. The class II mutants and the Ura-mutant, which induce small but distinct swellings (pseudonodules) on the roots (Table 2) , failed to induce suppression (Fig. 4) . The Leu- and Phe-mutants which formed normal-sized, empty nodules (Table 2 ) also failed to induce suppression (Fig. 4) , indicating that the ability to continue cortical cell divisions may still not be sufficient to induce suppression. While the ability to initiate infections appears intact in the auxotrophs, as seen in the normal onset of nodule emergence (Fig. 3) , the ability of auxotrophs to proliferate in the nodules seems impaired. It is possible that the infections are aborted because de novo synthesis of some essential nutrients is necessary for further development. This appears to be the case because all symbiotic functions are reestablished when prototrophy is restored by genetic complementation but not when the nutrients are supplied exogenously (4) .
In some legumes, it appears that the induction of suppression may not require rhizobial infection or proliferation inside the host, implying that the signals for induction may be transmitted into the root cortex without invasion. In Macroptilium atropurpureum, an Ade-mutant of the fastgrowing, broad-host-range Rhizobium strain NGR234 which causes root hair curling and cortical cell division but not infection thread formation induced suppression in a split root when applied 24 to 48 h earlier than the wild type (11) . Exopolysaccharide mutants of R. meliloti that were defective in their ability to invade and multiply inside the host were able to induce suppression in an alfalfa split root (8) .
In the common bean, our results suggest that the presence of bacteria inside the nodules may be required for the induction of suppression. A suppression response similar to that elicited by the wild type was induced by the nodulationcompetent class III mutant (Fig. 4) , which formed pink, VOL. 57, 1991 on May 21, 2017 by guest http://aem.asm.org/ bacteria-containing, but ineffective nodules. The development of nodule mass may not be the critical point at which induction takes place since both the Phe-mutant, which forms nodule mass similar to that of the wild type, and the Leu-mutant, which forms less (Fig. 2) , fail to suppress. An additional step, the proliferation of the bacteria inside the nodule, but not nitrogen fixation, may be the critical step in the induction of nodulation suppression. Perhaps this particular stage of development is required in the common bean before the developing nodules become strong enough sinks for the flow of photosynthate and thereby induce a suppressive effect on late infections. This late stage of induction is consistent with the profuse and scattered nodulation pattern and the slow suppression response of the common bean.
